The phosphatidylinositol 3-kinase (PI3K)/ AKT/mammalian target of rapamycin (mTOR) pathway is a highly conserved signaling pathway stretching from worms to humans (1) . This signaling pathway regulates numerous cellular processes encompassing growth, survival, differentiation, and metabolism and is critical for the survival and growth of cancer (2) . Aberrant activation of the PI3K/AKT pathway in cancer can occur through mechanisms such as pathway activating mutations, engagement of receptor tyrosine kinases (RTKs), and loss of tumor suppressors such as phosphatase and tensin homolog (PTEN). The many mechanisms by which this pathway is activated in cancer makes PI3K, AKT, and other components of this pathway intriguing targets for therapeutic intervention. In PNAS, Semenas et al. (3) discover a new chemical compound (ISA-2011B) that inhibits the upstream lipid kinase, PI-4-phosphate 5 kinase α (PIP5K1α), extending the arsenal of promising agents targeting the PI3K pathway that may be used therapeutically in advanced prostate cancer.
Prostate cancer results in nearly 30,000 deaths in men in the United States every year. Initially, prostate cancer relies on androgens for growth and will respond to conventional androgen deprivation therapies. However, this response is temporary, and recurrence eventually develops, leading to castrationresistant prostate cancer (CRPC) and ultimately the death of the patient. Currently, there are few effective treatment options for CRPC, and many mechanisms have been proposed to explain its occurrence, including persistent androgen receptor (AR) signaling and PI3K pathway activation. Recently, two newly approved drugs, abiraterone acetate and enzalutamide, which inhibit intratumoral androgen synthesis and potently inhibit AR activation, respectively, have resulted in survival benefits for men with CRPC, although lethality in these patients still occurs (4, 5). Therefore, additional therapies must be developed to target alternative pathways in advanced prostate cancer (6, 7) .
One of the pathways highly implicated in prostate cancer is the PI3K/AKT pathway. In prostate cancer, the PI3K pathway is activated primarily via the loss of the tumor suppressors PTEN or inositol polyphosphate 4-phosphatase-II (INPP4B) and is aberrantly altered in nearly 100% of metastatic prostate cancer (8) . The common signaling molecules studied in this pathway include several downstream players such as PI3K, AKT, and mTOR, whereas little is known about how the most upstream kinase, PIP5K1α, contributes to development, growth, or survival of prostate cancer.
PIP5K1α is part of a family of lipid kinases, and the α isoform predominantly generates PI-4,5-P 2 (PIP2) from PI-4-phosphate (PI4P). PIP2 is phosphorylated by PI3K to generate PI-3,4,5-P 3 (PIP3), which recruits the serine/threonine kinase AKT to the cell membrane, where it becomes activated, initiating signaling cascades. In this study, Semenas et al. (3) find that PIP5K1α is overexpressed in high-grade prostate cancer, and its expression correlates with PIP2 and AR expression in these tissues. The authors further demonstrate that PIP5K1α contributed to malignant transformation in prostate cancer cell lines through increased invasion, enhanced stability or expression of AR, and expression of cellular proliferation markers such as cyclin-dependent kinase 1 (CDK1). Using a high-throughput kinase profiling assay, the authors discovered an inhibitor of PIP5K1α, ISA-2011B. ISA-2011B significantly reversed the protumorigenic effects of PIP5K1α by decreasing prostate cancer cell invasion (via reduced focal adhesion kinase activation), reducing AR and CDK1 expression, inhibiting AKT activation, and increasing apoptosis in vitro. Further, administration of ISA-2011B to mice harboring aggressive PC-3 tumors considerably inhibited growth over the course of 20 d without any measurable toxicity.
The development of PI3K pathway inhibitors has been an intense area of focus for researchers and drug companies over the last decade, and the discovery of ISA-2011B may add to the repertoire of existing agents. Early phase clinical trials of pan PI3K and AKT inhibitors, such as perifosine, have shown reasonable toxicity profiles, with hyperglycemia being the most pronounced mechanismbased toxicity (9) . However, these inhibitors, when applied as single agents to patients with prostate cancer, have not clinically performed well (10) . In this study, ISA-2011B displayed no adverse events after administration into mice, and it will be important to determine whether ISA-2011B has a different toxicity profile compared with PI3K or AKT inhibitors. Additionally, although the authors did not report the pharmacokinetics and pharmacodynamics of ISA-2011B in vivo, this information plus the toxicity profile will help to determine the future clinical utility of this compound as a therapeutic agent in cancer. See companion article on page E3689. 1 To whom correspondence may be addressed. Email: jdrake@ mednet.ucla.edu and jiaotihuang@mednet.ucla.edu.
More recently, focus has turned to inhibition of more downstream effector targets such as mTOR. Due to a wide array of signaling inputs to mTOR, mTOR inhibitors can more broadly be applied to cancers not dependent on the PI3K/AKT pathway, increasing the utility of these inhibitors over PI3K and AKT agents. Allosteric mTOR inhibitors, such as everolimus, have not performed well in clinical trials for prostate cancer (11), but mTOR active site inhibitors, such as MLN0128 (INK128), outperformed everolimus in preclinical models of prostate cancer (12) . The increased efficacy of mTOR active site inhibitors is attributed to targeting everolimus-resistant substrates such as 4EBP1, as well as completely blocking both mTOR complexes (mTORC1 and C2) and eliminating AKT activation via feedback from S6 kinase (S6K) (13) .
Where are we now in the field of PI3K pathway inhibitors for treatment of prostate cancer? There are several PI3K agents available, but to date, the clinical benefit has been limited if these compounds are used as a single agent. The lack of clinical benefit could be due to the activation of alternative signaling pathways such as AR or other kinase pathways. Indeed, development of CRPC may be due to the activation of the PI3K pathway during AR inhibitor therapy, suggesting cross-talk between these two pathways (14, 15) . As such, combination therapies targeting both the PI3K/AKT pathway and AR are beginning to be tested clinically (16) . The development of combination strategies will be imperative to achieve the goal of significantly improving survival in patients suffering from cancer. The central dilemma seems to be in choosing the right combinations. In the PI3K pathway, several combination strategies are currently being or will be tested including PI3K/AKT inhibitors combined with mTOR inhibitors (vertical treatment approach) and PI3K/ AKT/mTOR inhibitors with AR inhibitors (horizontal treatment approach) (Fig. 1) . Hence, it would be worthwhile to investigate the effects of combination therapies using ISA-2011B with an AR inhibitor, or other pathway inhibitors, in Semenas et al. find that PIP5K1α is overexpressed in high-grade prostate cancer, and its expression correlates with PIP2 and AR expression in these tissues.
preclinical models of prostate cancer and especially CRPC.
Overall, the studies of Semenas et al. uncover the mechanism of an underappreciated lipid kinase in the PI3K pathway, PIP5K1α, and developed a novel inhibitor, ISA-2011B, that targets this kinase. This study will open up new avenues into the investigation of PIP5K1α as a therapeutic target in preclinical models of prostate cancer, in addition to other cancers dependent on the PI3K pathway for growth and survival. It will be important to evaluate this compound further, individually and in combination, in several preclinical models of advanced prostate cancer including genetically engineered mouse models (such as PTEN −/− ) (17), mouse and human tissue recombination cancer models (18) (19) (20) , and CRPC models (21) . If verified, this might be a new promising member in the ever-expanding list of PI3K pathwayspecific inhibitors.
